Nanoelectromechanical systems provide ultrahigh performance in sensing applications. The sensing performance and functionality can be enhanced by utilizing more than one resonance mode of a nanoelectromechanical-systems device. However, it is often challenging to measure mechanical modes at high frequencies or modes that couple weakly to output transducers. In this paper, we propose the use of intermodal coupling as a mechanism to enable the detection of such modes. To implement this method, a probe mode is continuously driven and monitored using a phase-locked loop, while an auxiliary drive signal scans for other modes. Each time the auxiliary drive signal excites the corresponding mode by matching the mechanical frequency, the effective tension within the structure increases, which in turn causes a frequency shift in the probe mode. The location and width of these frequency shifts can be used to determine the frequency and quality factor of mechanical modes indirectly. Intermodal coupling can be used as a tool to obtain the spectrum of a mechanical structure even if some of these modes cannot be detected conventionally.
I. INTRODUCTION
Nanomechanical resonators have been used in a wide range of demanding sensor applications such as gas sensing [1] [2] [3] , single-molecule mass sensing [4] , single-protein [5] and neutral-particle [6] mass spectrometry, force sensing [7, 8] , and inertial imaging [9] . A common trend in recent years has been the exploitation of higher-order modes of a mechanical sensor in mass [5, 6, [10] [11] [12] [13] [14] [15] , force [7, 8, 16] , stiffness [13, 17] , and spatial sensing [9, 18, 19] where the extra information obtained from the higher-order modes usually expands the types of measurements and increases the sensitivity at the same time [20, 21] . Higher-order modes can be utilized for numerous applications, such as quality factor control [22] , mechanical vibration registers [23] , or phonon cavities [24, 25] . However, readout of nanomechanical modes can be challenging under certain conditions. For instance, at higher frequencies, readout schemes tend to get inefficient, e.g., due to increased parasitic capacitive coupling [26] . Moreover, the motion of particular modes may fail to induce a discernible change in the readout transducer; for instance, the readout signal for even-parity modes is canceled out in magnetomotive [27] and optomechanical [28] detection techniques.
In this article, we describe a comprehensive approach to obtain the frequency spectrum of micromechanical and nanomechanical resonators. We use the observation that the flexural modes of a doubly clamped beam couple to each other anharmonically through the increase of tension on the beam [29] [30] [31] [32] . As a doubly clamped beam undergoes flexural motion, the increased tension on the beam tunes the frequency of the other modes. This coupling mechanism is used to detect modes indirectly in earlier experiments at the MEMS scale using two-dimensional frequency-frequency sweeps [30] where one sweep for the probe and another sweep for the pump mode is utilized. Instead of using two concatenated frequency sweeps (which would require a 2D search space), here we keep one mode at resonance using a phaselocked-loop (PLL) circuit and sweep for the other mode only. This way the search space decreases to 1D, which increases the speed of detection. Moreover, our experiments are performed at the nanoelectromechanical-systems (NEMS) scale and demonstrate modes as high as 840 MHz, which is at several orders of magnitude higher frequency than previous top-down device demonstrations. Finally, we incorporate a two-tier verification system using two different probe modes for eliminating any unintentional drive of different modes.
The proposed technique is realized by tracking the resonance frequency of a lower-order mode (e.g., the first or the second mode) of a resonator using a PLL, while performing a frequency sweep in parallel to excite the other modes using the same actuation electrode [29] . This simultaneous combination of a frequency sweep and PLL allows for the efficient detection of higher modes that can be driven but cannot be detected with conventional methods. For the transduction of the device we use thermoelastic actuation and piezoresistive detection in our measurements since this combination offers an efficient platform to investigate higher-order modes [33] . However, the proposed technique can be used with any transduction scheme as long as there is a mechanical coupling mechanism between the modes.
II. DEVICE FABRICATION
Fabrication of the device [ Fig. 1(a) ] starts with a 100-nm-thick silicon nitride on a silicon substrate. Contact pads and electrodes are patterned using electronbeam lithography followed by deposition of a 100-nmthick gold layer with a 4-nm chromium adhesion layer underneath. The beam layout is then patterned using electron-beam lithography, and a 60-nm-thick copper layer is deposited to be used as an etch mask. Inductively coupled plasma is used for dry etching: silicon nitride is etched anisotropically followed by the isotropic release of the doubly clamped beam. After removal of the mask layer, the device is wire bonded to a printed circuit board for electrical and mechanical characterization. The final structure is 20 μm long, 320 nm wide, and 100 nm thick [ Fig. 1(a) ]. The gold electrodes are 780 nm long and 80 nm wide with each leg 80 nm apart [ Fig. 1(a) , inset]. Resistances of the electrodes are typically around 35 Ω for actuation and 25 Ω for the detection loop.
III. EXPERIMENTAL METHOD
The actuation scheme [33] relies on the difference in the thermal expansion coefficients of the gold electrode and silicon nitride beam. An ac drive voltage (V d ) at half of the mechanical drive frequency (ω d =2) is applied to the drive loop to create local Joule heating [34] [ Fig. 1(b) ]. The differential expansion of the materials induces stress on the structure and causes elastic deformation at twice the applied frequency. The resulting flexural motion of the beam distorts the detection loop at the other end of the beam, which alters the resistance of the readout electrode ΔRðωÞ through the geometric piezoresistance effect [35] . To measure the dynamical resistance and eliminate the effect of parasitic capacitances, we use a down-mixing scheme by applying an ac bias voltage (V b ) to the detection loop at a slightly detuned (<100 kHz) frequency of ω d þ Δω. In this way, a clear readout signal at the mixed-down frequency of Δω emerges. The detection scheme is further enhanced by incorporating a differential readout circuit, utilizing a nulling electrode, anchored to the substrate, to cancel out electronic background.
For the initial characterization and calibration of the nanomechanical modes, frequency sweeps are conducted at 760 Torr (Fig. 2, main panel) . Both out-of-plane and inplane modes of the device are detected in these measurements. For each mode, finer frequency response curves are obtained by decreasing the pressure down to 2 × 10 −4 mTorr and performing narrower frequency scans (Fig. 2 , lower insets). Measured resonance frequency values are used in the beam model and an initial longitudinal stress of 860 MPa is determined (Supplemental Material [36] ).
Following the open-loop characterization, we want to implement the proposed technique by coupling the modes that have already been detected. For this implementation, the fundamental mode of the device is driven continuously using a PLL circuit. While the PLL tracking is maintained, higher modes of the device are excited with a simultaneous frequency sweep by superposing a pump signal at frequency ω p on the actuation electrode [ Fig. 1(b) ]. When the pump signal excites a higher mode of the device, an upward frequency shift is observed in the PLL mode owing to increased tension, which indicates the existence of a mechanical mode (Fig. 2, upper insets) . These observations indicate that the location and width of mechanical resonances can be detected through mode coupling.
IV. THEORY
Coupling between flexural modes occurs due to the increased tension along the beam axis which changes the effective stiffness of the mechanical structure [29] . When a device is actuated, a doubly clamped beam undergoes a flexural motion; however, the total length of the beam is restricted because both ends are clamped, and consequently, the longitudinal tension on the beam increases. The additional tension increases the effective stiffness of the beam, which in turn modulates the frequency of the vibrational modes. As a result, when a mode is excited, the frequency of every other mode gets tuned, depending on its coupling strength to the excited mode. This can be followed by considering the equation of motion for the beam [37] :
where E is the Young's modulus, I is the moment of inertia, w ¼ wðx; tÞ is the displacement field, ρ is the density, A is the cross-sectional area, L is the length of the beam. The intrinsic tension on the beam is shown by T 0 . On the righthand side, the term ð∂w=∂xÞ 2 accounts for the length change due to the oscillation of the beam. In general, the displacement field can be decomposed into different modes: wðx; tÞ ¼ P n a n ϕ n ðxÞζ n ðtÞ. In the experiments, at most two modes are excited at a given time, therefore, the frequency shift in the measured probe mode (k) due to the excitation of a pump mode (j) can be calculated as [29, 30] (see Supplemental Material [36] ):
where g kj is the coupling coefficient between modes j and k.
As the oscillation amplitude of mode a j starts from zero and increases to large values, the frequency shift observed in Overlay of the open-loop response of the device (orange) and the spectrum obtained through the combination of the first mode (blue) and second mode (green) PLLs. In all three cases, the pump signal for exciting modes is 211 mVpp. The peaks that overlap on both PLL runs indicate a mechanical mode, whereas other peaks are due to extra driving terms caused by the thermoelastic actuation. the probe mode (k) can be related to the amplitude of the pump mode [29] : Δω k ∼ g jk x 2 j . In this way, the location of the frequency shift is used to indicate the pump-mode frequency and the magnitude of the frequency shift is used to indicate the square of amplitude.
Next, the detection of mechanical modes at higher frequencies is attempted. This attempt brings about a complication: with thermoelastic actuation used in the experiments, the combination of two ac signals (PLL drive and the pump signal) on the same drive electrode generates additional harmonics, which may excite modes at unintended frequencies. To eliminate such occurrences, a second run is performed by tracking the second out-ofplane mode-instead of the fundamental mode-with PLL and repeating the frequency sweep with the pump signal. Only the frequencies at which both PLL runs have overlapping resonance peaks indicate the existence of a mechanical resonance. To demonstrate the utility of the modified technique, the resonance frequencies of the first two out-of-plane modes are sequentially tracked by a PLL circuitry (Fig. 3 ). An open-loop sweep is also conducted for independent characterization. As expected, the results show that mechanical modes exist only at locations at which both of the PLL runs have frequency shifts.
V. RESULTS AND DISCUSSION
The frequency shifts at the resonance frequencies are in good agreement with the open-loop resonance values of these modes. The quality factors of the modes are also calculated from the frequency shift response of the modes, which agree with the open-loop measurements of the first five modes of the device (Table I) . Using the intermodal coupling and detection method, we are able to detect modes up to 840 MHz (Fig. 4) , whereas our measurement setup for the piezoresistive readout is limited to the (0-250)-MHz range. Since there are numerous modes that can be detected, we limit our presentation only to those that result in large mode coupling [29] with the first three out-ofplane modes.
The technique proposed here keeps the probe mode at resonance throughout the experiment using a PLL circuit. In this way, the indirect detection of the higher-order modes can be accomplished by performing a frequency sweep only for the pump mode. If N points are used in these frequency sweeps with Δt being the duration between data points, the total duration of the technique proposed here scales with 2NΔt where the factor 2 comes from the fact that we use a second mode for verification. 
total duration for such intermodal detections scales with MNΔt, which can be orders of magnitude slower since to measure a resonance with reasonable span and resolution, one usually needs at least M > 100. Therefore, the technique proposed here speeds up the indirect detection of modes through intermodal coupling.
VI. CONCLUSION
Intermodal coupling offers an alternative method for detecting higher vibrational modes of NEMS, which can be driven relatively easily but cannot be detected efficiently due to drawbacks in the detection method or other instrumental limitations. Indirect detection through intermodal coupling can be implemented effectively by keeping one mode continuously at resonance using a PLL and scanning for other modes. The technique provides a thorough spectrum of nanomechanical modes which can be useful for modeling system parameters accurately and accomplishing multimodal sensing. The method is not limited by the choice of the transduction method and can be applied to any conventional NEMS detection schemes to improve the readout strength of high frequency modes. 
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